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effective stresses increase) inducing ground subsidence. Conversely, when 11 piezometric levels recover (i.e. effective stress decrease), the soil undergoes an 12 expansion that generates a surface uplift with a magnitude that depends on its 13 deformational properties. Terzaghi's one-dimensional diffusion equation was extended 14
by Riley (1969) and Helm (1975 Helm ( , 1976 
THE STUDY AREA 48
The Madrid Metropolitan area is underlain by a large Tertiary detritic aquifer (TDAM), 49 which has formed in a large tectonic depression (6,000 km 2 ) that was filled with 50 continental deposits of Tertiary age. The boundaries of the basin (Fig. 1) are the 51 Guadarrama Range and Somosierra ranges to the north-northwest, and the Toledo 52
Mountains to the south. The rivers Manzanares and Henares drain this part of the 53 basin, contributing to the Jarama River, which is tributary of Tajo River. Altitudes of the 54 Madrid Aquifer range from 650-800 m a.s.l and the altitudes of the surrounding 55 mountains range from 1,000-2,400 m a.s.l. According to the National Meteorological 56
Agency (AEMET), average rainfall is between 620 mm/yr, and up to 2,000 mm/yr in the 57 mountains. Part of it is as snow lasting several months in the north-northwest ranges. 58
The period of July-August is dry (Hernandez-Garcia and Llamas 1995). 59 acquisition and subtracted from the total phase residuals derived from the 126 interferometry process; the generation of long deformation time series through the 127 exploitation of more than 20 radar scenes. 
PSP-IFSAR results 146
The PSP-IFSAR technique yielded 1,300,000 PS on a 100 km by 100 km area. The 147 reference points used for each period are located in a stable area 25 km northwest 148 from Madrid City. The main deformation signal detected in the study area corresponds 149 to the Fuencarral and Pozuelo Well Fields, located on the north-northwestern part of 150 TDAM. For this reason, a 40 km by 40 km subset area containing 250,000 PS centeredover these areas was selected to study the displacements estimates in greater detail 152 (Fig. 1) . 153
During the period 1992 -2000, the whole study area shows an average cumulated 154 displacement of -34.9 ± 22.0 mm, with values ranging from 44.1 to -144.8 mm (Fig. 4a) . 155
Within this period subsidence rate accelerations coincide with aquifer extraction 156 periods, showing uplift during aquifer recovery (Table 1) . The spatial analysis of the 157 retrieved displacements indicates three zones with different deformational behavior. 158
The Fuencarral extraction well field (zone 1 in Fig. 4) , which is the target of this work, 159 presents a subsidence/uplift behavior that correlates well with aquifer 160 extraction/recovery periods ( aquifer extraction is followed by a slower subsidence or a slight uplift during aquifer 167 recovery (Fig. 5) . This elasto-plastic behavior can be explained by the greater presence 168 of clays observed in this part of the aquifer (Fig. 2) and by the higher concentration of 169 private wells exploited by local entities and individuals for water supply. Unfortunately, 170 no piezometric data are available to confirm this hypothesis. 171
The period 2003-2010 is characterized by a general uplift (2.8 ± 11.1 mm, see Table  172 1). This period includes the longest aquifer extraction episode that lasted from April smaller and there is a slight uplift that could not be appreciated previously (Fig. 5) . This 186 positive displacement (13.8 mm on average) is 4.6 times smaller than that registered in 187
Fuencarral extraction well field (63.4 mm on average). Assuming that the piezometric 188 evolution of both well fields is similar, it seems that the greater content of clays and 189 sand-clays in Pozuelo de Alarcon field ( 
Regional analysis 213
The influence area of the aquifer system exploitation has been assessed by the 214 relationship between the differential displacements measured for every extraction-215 recovery phase with respect to the distance to the wells (Fig. 6a ). For this purpose in 216 every extraction/recovery cycle, we have computed the average differential 217 displacement measured in those PSs included within different buffer areas defined by a 218 distance from the wells varying from 500 to 10,000 m. As it is shown in Fig. 6b , ground 219 displacement was rather homogeneous and intense from 500 to 4,000 m, reaching a 220 nearly stable behavior from 7,000 m to 10,000 m. Therefore, the greatest influence 221 area of the aquifer exploitation is limited to the 4,000 m radius circle around the wells 222 and to a lower extent, within 7,000 m. 223
The overall balance of the differential displacement measured for every 225 extraction/recovery cycle within the 4,000 m radius influence area reveals a regional 226 subsidence of 31.8 mm (Table 2 ) and 22.9 mm excluding cycles 3 and 4, which were 227 not fully covered by SAR images. This balance was reduced to a 22.7 and 16.2 mm 228 subsidence, respectively, measured within 500 m distance from the wells (Table 2) . 229
These results evidenced that aquifer exploitation in the period 1992 -2010, produced aregional 20-30 mm subsidence that was smaller (10-20 mm) nearby the wells, where a 231 greater uplift was measured during the recovery phases. 232
(Table 2) 233
The relationship between differential ground surface displacement and the duration of 234 the extraction-recovery phases for every cycle has been also analyzed. For this 235 purpose the uplift -subsidence ratio (SR) and the cycle temporal ratio (TR) were 236 calculated ( Table 2 ). The SR represents the ratio between ground surface uplift (δ uplift ) 237 measured during the recovery phase with respect to the subsidence (δ subs ) measured in 238 the extraction phase (i.e. δ uplift /δ subs ) expressed in percentage. The TR corresponds to 239 the relationship between the duration of the recovery (t recov ) over the duration of the 240 extraction (t extract ) also expressed in percentage (i.e. t recov /t extract ). According to current 241 management practices, TR should be between 2 and 4 for a good aquifer recovery. 242
For the first cycle, ground surface subsidence associated with the extraction phase 243 decelerated during the recovery phase, when no net uplift was measured (SR=0%, 244 TR=0.9). In the cycle 2 recovery phase, there was a clear uplift that compensates both 245 the subsidence produced during the extraction phase of cycle 2 and part of the first one 246 (SR=126% and TR=3.7). The third and fourth cycles cannot be analyzed because the 247 satellite data for these periods were incomplete. Cycle number 5 includes the longest 248 extraction that produced the greatest subsidence in whole period 1992-2010, followed 249 by a long recovery phase responsible for an uplift that compensated 75% of the 250 previous subsidence (SR=75%, TR=3). This analysis suggests that for this aquifer 251 system, the greater the cycle temporal ratio the greater the uplift-subsidence ratio. For this reason we assume that aquifer system pore pressure (or hydraulic head) 275 quickly equilibrates with piezometric level changes of the most permeable layers, 276
proposing a one-dimensional elastic model to simulate ground subsidence due to water 277 level changes. Note that this assumption implies no consolidation when the piezometric 278 level is stable. Also the delay between hydraulic head changes and aquifer system 279 deformation would not be significant, as can be seen in Figs. 8 and 9.
Consequently, the vertical displacements (δ) only depend on the magnitude of the 282 hydraulic head change (∆h) and the deformational properties of the aquifer system. 283
Hence, modifying the equation proposed by Hoffman (2003, eq. 2.15): 284
where S sk is the the skeletal specific storage, D is the aquifer system thickness, and S k 286 is the skeletal storage coefficient (dimensionless) of the aquifer system. S sk and S k are 287 related with the widely used storage coefficient, S, by means of: 288
where S sw is the water specific storage, and S s is the specific storage defined as the 290 volume of water expelled per unit area from a layer of thickness D due to a unit decline 291 in the hydraulic head (Todd, 1980) . Note that in an aquifer system, water is derived 292 from two processes (e.g. Sneed and Galloway, 2000): a) void changes, which causes 293 the compaction or expansion of the aquifer system caused by the effective stress 294 changes, and; b) from the expansion or compression of the water owing to a change in 295 pore pressure. The first process, which for unconsolidated aquifer systems is the 296 dominant process, is controlled by the skeletal specific storage, and strongly depends 297 of the grain-size of the aquifer system. For aquitards S sk from equation (1) represents 298 the deformability of the aquitards and varies with the stress state (Sneed and Galloway, 299 2000). When the stress induced by the hydraulic head variation exceeds the maximum 300 preexisting stress, i.e. preconsolidation stress, deformations are very high and mainly 301 irrecoverable due to soil rearrangement and compaction. However, if induced stress 302 does not exceed the preconsolidation stress the deformations are much smaller and 303 mostly elastic. This different soil behavior can be introduced to eq. (1) by assigning two 304 different skeletal specific storages, elastic (S ske ) and anelastic (S skv ), according to to the 305 state of stress with respect to the preconsolidation stress. However, typically forused regardless of the preconsolidation stress (Sneed and Galloway, 2000) .In this 308 case study, as previously mentioned, the aquifer system exhibits a clear elastic 309 behavior, the piezometric seasonal changes present similar amplitudes, and the soil is 310 mainly composed of coarse material (sands). Consequently, eq. (1) is rewritten as: 311
Where S ke can be computed by means of the graphical methodology proposed by Riley 313 In this work, the elastic storage coefficients S ke of aquifer has been computed for the 321 period 1997-2000 using piezometric series for the 17 available wells where DInSAR 322 retrieved deformations are also known (Fig. 8) . These data allowed plotting the stress-323 strain curves that represent the relationship between piezometric level changes and 324 aquifer system deformations, from which elastic storage coefficients were determined 325 following the expression: 326
Where ∆D is the displacement caused by a ∆h piezometric level decrease. S ke was 327 calculated during the third extraction of each well as shown in Fig. 8 . 
(Figure 8) 338
The hysteresis loops on the stress-strain plot (Figure 8 ) indicate that the response is in 339 the elastic range. The loops correspond to the aquifer extraction and recovery periods. 340
As it can be seen, data dispersion is low, indicating that there is a good temporal 341 correlation and a small irrecoverable compaction (Zhang et al., 2013) . This fact 342
indicates that the aquifer system exhibits a quasi-elastic behavior. The computation of 343 S ke has been performed considering the extraction phase of the first cycle (Fig. 8) , with an average value of 2.99×10 -4 ± 9.30×10 -5 (Tab. 3). 346
Taking into account the sandy composition of TDAM, the S ke has been considered to 347 predict subsidence from the rest of the piezometric level time series (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . In the 348
Following, DInSAR data are used to validate the robustness of the model. 349 (Table 3) 350 Table 4 . The average absolute difference between DInSAR andbetween both time series. This error has been compared with the maximum measured 355 DINSAR displacement for every well (Table 4) n/a n/a 3,07 10,9 and elastic deformation/inelastic deformation ratio (R ed/id ) and for every well. The location of the different wells is shown in figure 1. Table 4 
